Transmission electron microscopy (TEM) is carried out in vacuum to minimize the interaction of the imaging electrons with gas molecules while passing through the microscope column. Nevertheless, in typical devices, the pressure remains at 10 −7 mbar or above, providing a large number of gas molecules for the electron beam to crack, which can lead to structural changes in the sample. Here, we describe experiments carried out in a modified scanning TEM (STEM) instrument, based on the Nion UltraSTEM 100. In this instrument, the base pressure at the sample is around 2 × 10 −10 mbar, and can be varied up to 10 −6 mbar through introduction of gases directly into the objective area while maintaining atomic resolution imaging conditions. We show that air leaked into the microscope column during the experiment is efficient in cleaning graphene samples from contamination, but ineffective in damaging the pristine lattice. Our experiments also show that exposure to O 2 and H 2 O lead to a similar result, oxygen providing an etching effect nearly twice as efficient as water, presumably due to the two O atoms per molecule. H 2 and N 2 environments have no influence on etching. These results show that the residual gas environment in typical TEM instruments can have a large influence on the observations, and show that chemical etching of carbon-based structures can be effectively carried out with oxygen.
I. INTRODUCTION
etching is responsible for irradiation damage below the knock-on threshold by cutting them with the electron beam under different atmospheres 18, 19 . In these studies, water molecules were identified as the most effective agent for electron-irradiation-induced chemical etching 18 .
Water vapor has also been used to successfully etch nanoscale features in suspended graphene in a scanning electron microscope 20 .
In this study, we use the customized Vienna Nion UltraSTEM 100 with a base pressure of 10 −10 mbar (Methods) to mimic a typical (S)TEM device by introducing small amounts of air into the column and study its effect on the observation of the ubiquitous hydrocarbon contamination on graphene. We find that electron irradiation with some air is effective in cleaning graphene from contamination, but completely ineffective in damaging the pristine lattice. However, when defects are encountered from underneath the receding contamination, pores start to grow in graphene. The same effect can be obtained through the introduction of 
II. RESULTS

Electron-beam-induced chemical etching is fundamentally different from knock-on dam-
age as it is not directly caused by the electrons, but by radicals that are created from residual gas molecules that are in the microscope vacuum when those get adsorbed on the sample surface 21, 22 . For modeling beam-induced etching processes, the adsorption of the gas onto the surface, desorption from it, dissociation and diffusion on the surface all have to be considered 23 . Here we limit the study to experimental observations of the influence of the gas atmosphere on the sample and its contamination.
Initial experiments were conducted to determine the impact of air on the structure of sample contamination to mimic experiments carried out in an instrument with a conventional side entry design. Although the actual composition of the residual gas changes over time due to different pumping efficiencies of the constituent gases in air, and also depends on the diffusion of the gases through the O-ring, this provides a reasonable model. After these experiments the influence of each individual gas (N 2 , O 2 , H 2 O, H 2 ) was measured separately.
First, reference series were recorded at 2×10 −9 mbar, i.e., in ultra high vacuum (UHV). Then the pressure in the microscope was increased with air to ∼ 1 × 10 −6 mbar. First, the effect of air on the specimen was observed through the Ronchigram camera at low magnification. Fig. 2 ). These images show a similar shrinking and condensation of contamination, although it occurs now more rapidly. This is due to a much higher electron flux that causes a significantly higher concentration of radicals.
To obtain quantitative understanding on the rate of etching of the contamination (or equivalently, the rate of cleaning of graphene), we calculated the intensity of the contamination I c from each image recorded during an experiment similar to that shown in Fig. 2 . We first removed a vacuum reference intensity from the images (value corresponding to imaging a hole), and then defined the contamination intensity as the intensity of the image I with the contribution of clean graphene I g subtracted, normalized to I g : 
where φ is the electron dose per area. Vacuum and graphene intensities were estimated for each image sequence by measuring intensities corresponding to a clean graphene area
and an area where a one-atom-thick contamination layer covered graphene. When possible, intensity corresponding to vacuum was measured separately. This way, I c = 1 corresponds roughly to the intensity of a single layer of carbon atoms, allowing an intuitive understanding of the amount of contamination.
The data for air is shown in Fig. 3a for three different fields of view d (35, 71 and 140 nm; the total square imaged area corresponds to d 2 ). The intensity data was only measured until first holes appeared in graphene (discussed below) to limit the analysis to etching of the contamination. As is clear from the image, the contamination intensity can be described as an exponential decay, showing that the amount of contamination decreases always by the same fraction for a fixed dose, regardless at what point of experiment this is measured.
Hence, the intensity can be calculated via
where λ is a decay factor. Thus, ln(2)/λ corresponds to the electron dose that is required to etch away half of the contamination and can be considered a critical dose related to the etching process. Fits of Eq. 2 to the data are shown as solid lines in Fig. 3a . Interestingly, it is apparent from the data that λ depends on d. This relationship is shown in Fig. 3b .
It appears linear, which can be interpreted to mean that the number of active etching sites in the structure scales linearly with d. A possible explanation for this observation is that the etching takes place at the edges of the contamination surrounding clean graphene areas (the length of those edges also increases linearly with d). This is also supported by the fact that the thickness of the contamination does not visually change during the experiment.
Instead, the clean graphene areas appear to grow by increasing their circumference over time. Hence, we hypothesize that the electron beam cracks molecules that have landed on clean graphene, which then migrate to the contamination and participate in the etching process at the active etching sites. We point out that in order for this mechanism to be active, some clean areas must be within the field of view (notice that the contamination in the images is both sides of graphene, and one side can be clean even if the other side is covered), and thus the linear relationship observed in Fig. 3b may not extend beyond the parameter range of our experiments, especially towards the smallest possible values of d.
However, further experiments at various different fields of view and dose rates are required to either confirm or disprove this hypothesis.
No defects are created in graphene regions that were pristine at the beginning of imaging.
However, the receding contamination can reveal defects in the graphene lattice, which in turn can serve as a starting point for chemical etching of the material itself, as seen in Fig. 4 . In this experiment, a small clean graphene area without any contamination within the field of view was exposed to electron irradiation for 10 min (ca. 1.2 × 10 9 e − /nm 2 ) at a pressure of 10 −6 mbar of air. Throughout the experiment, no effect was seen in the images recorded of the clean graphene patch. After the experiment, in the subsequently recorded overview images, it was obvious that during the experiment moderate cleaning of the surrounding area had occurred. More interestingly, the irradiated clean graphene area was now surrounded by pores that had grown outside the field of view (the dark areas in Figs. 4b,c) . We point No defects were observed in the pristine lattice despite a high cumulative dose. The red dashed square indicates the irradiated area. The regions with darkest contrast are pores.
H 2 . Unsurprisingly, and in agreement with the experiments by Yuzvinsky et al. 18 , H 2 and N 2 had no effect as compared to UHV (8 × 10 −10 mbar) conditions. As expected, H 2 O had a clear effect similar to air. However, also O 2 lead to etching very similar to air, showing that oxygen is sufficient for the etching process.
The data for UHV and all studied gases and water vapor are shown in Fig. 6 . The contamination intensity I c was measured similarly to the case of air, presented above. As can be seen from the data, in all cases there is an initial short period where some decrease in the contamination intensity is observed. We assume this to be due to the oxygen atoms present in the contamination until they are removed via the etching mechanism due to the exposure to the electron beam. After this, the values for UHV, N 2 and H 2 quickly level off to constant values (Fig. 6a-c) . These data can not be described via Eq. 2 since they do not tend towards zero contamination. For N 2 and H 2 , increasing the pressure up to 5 × 10 −7 mbar started to have a measurable effect on the contamination, but still too slow to be described by the exponential function. This is probably due to trace amounts of water or oxygen either in the gases or in the gas line. In contrast, with water and O 2 the etching process is similar to what we observed with air. For each case, we carried out measurements at three different pressures, shown in Fig. 6d ,e. As can be seen from the plots, the behavior is clearly exponential, but for a currently unknown reason is not described by Eq. 2 as well as the data recorded for air. For the highest pressures, the analysis of the sequences was terminated when holes appeared in graphene, similar to the data for air.
For O 2 and H 2 O the lowest pressure data agrees more poorly with Eq. 2 than the data from higher pressures, as is obvious from the fits in Fig. 6d ,e. As can be seen in Fig. 6f , the decay constant λ depends linearly on the order of magnitude of the pressure. It is also obvious that for the same pressure, O 2 leads to roughly two times more efficient etching than H 2 O, which we attribute to the two oxygen atoms per molecule in O 2 as compared to only one in H 2 O. We point out that although the logarithmic relationship shown in Fig. 6f appears to describe our data extremely well, it is not clear whether it would extend beyond our experimental range of pressures. As mentioned above, especially at lower pressures the etching becomes inefficient and can not be described with Eq. 2 anymore.
III. DISCUSSION AND CONCLUSIONS
Our results show the effect of residual gas on the atomic structure of the carbon-based electron microscope at very low pressures, between 10 −10 and 10 −6 mbar, while maintaining atomic resolution imaging conditions. This work opens the way for many applications ranging from controlled cleaning of samples 29 to manufacturing nanostructures with atomic precision through accurate control of electron-beam-induced chemical processes.
IV. METHODS
All STEM experiments were carried out using a modified Nion UltraSTEM 100 in Vienna.
Modifications include a remodelled objective area providing several additional ports (most having line-of-sight access to the sample 30 ), a titanium-sublimation pump as well as a nonevaporable getter pump. There is an all-metal variable leak valve mounted on a port near the sample area allowing for flow rates as low as 10 −10 mbar l/s. The samples were commercial graphene grown via chemical vapor deposition and suspended on Quantifoil R TEM grids by the supplier Graphenea. Samples were baked in vacuum overnight at 150
• C before being inserted into the microscope. After the vacuum bake, the samples were inserted into the ultra-high vacuum system of the microscope. This procedure takes less than half an hour. The microscope was operated at 60 kV and images were recorded using the mediumangle annular dark field (MAADF) detector. In these experiments, a base pressure of 8 × 10 −10 mbar was reached (the current base pressure of the device is around 2 × 10 −10 mbar).
By carefully opening the leak valve while monitoring the pressure, pressure levels up to 2 × 10 −6 mbar could be obtained while continuous imaging at atomic resolution. In the dynamic equilibrium, reached a few seconds after adjusting the leak valve, the leak rate equals the absorption in the ion getter pump of the objective area. The maximum leak rate, and hence the maximum pressure in the objective area, is determined by the tolerable load on the ion getter pump. No change in pressure was observed in the column volumes above and below the sample area, indicating that the small apertures along the column provide excellent vacuum isolation. Initial experiments were carried out using ambient air. Later, pure gases (nitrogen, oxygen, and hydrogen) and water vapor were connected to the leak valve via a gas transfer line, which was flushed with argon and pumped to vacuum multiple times between gases.
The gas flow within the column depends on the geometry of the sample region inside the microscope. We therefore established a finite element model based on a simplified computer aided design schematic of the sample area. Since inlet gas flow is not directly measured, we simulated a molecular flow model with the following boundary conditions: (1) pressure at the sample is set to the initial pressure at the gauge close to the objective, (2) ion getter pumping rate is set to 1 (all incoming gas molecules are removed) and (3) no adsorption at the inner walls of the chamber (adsorption and desorption rate are identical in equilibrium). at different areas of the objective area. The distance between inlet and outlet is ca.
14.6 cm. The labels mark the locations of (1) the pressure gauge, (2) gas inlet, (3) pole pieces and (4) the sample. (c) The pressure at the pole piece as a function of the displayed pressure at the gauge.
We then varied the inlet flow until the outlet pressure reached the pressure level of the experiment. Due to a limited knowledge of the proprietary sample stage design, the gas flow rate at the sample has been estimated by using the flow rate calculated at the very end of the magnetic pole piece. A typical pressure distribution inside the chamber for a given inlet flow is shown in Fig. 7 . Note that the estimated pressure at the sample is ca. one order of magnitude higher than that measured by the gauge (Fig. 7c) . All pressures mentioned in this article are readings from the gauge.
